-Sustained hypertension is an important consequence of obstructive sleep apnea. An animal model of the hypoxemia associated with sleep apnea, chronic intermittent hypoxia (CIH), produces increased sympathetic nerve activity (SNA) and sustained increases in blood pressure. Many mechanisms have been implicated in the hypertension associated with CIH, including the role of ⌬FosB within the median preoptic nucleus (MnPO). Also, the renin-angiotensin system (RAS) has been associated with CIH hypertension. We conducted experiments to determine the possible association of FosB/⌬FosB with a RAS component, angiotensinconverting enzyme 1 (ACE1), within the MnPO following 7 days of CIH. Retrograde tract tracing from the paraventricular nucleus (PVN), a downstream region of the MnPO, was used to establish a potential pathway for FosB/⌬FosB activation of MnPO ACE1 neurons. After CIH, ACE1 cells with FosB/⌬FosB expression increased colocalization with a retrograde tracer that was injected unilaterally within the PVN. Also, Western blot examination showed ACE1 protein expression increasing within the MnPO following CIH. Chromatin immunoprecipitation (ChIP) assays demonstrated an increase in FosB/ ⌬FosB association with the ACE1 gene within the MnPO following CIH. FosB/⌬FosB may transcriptionally target ACE1 within the MnPO following CIH to affect the downstream PVN region, which may influence SNA and blood pressure. sleep apnea; hypertension; median preoptic nucleus; angiotensin SLEEP APNEA is characterized by frequent interruptions in breathing that are specific to sleep and lead to hypoxemia, hypercapnia, increased thoracic pressure, arousal, and sleep fragmentation (12). According to a recent poll from The National Sleep Foundation, 26% of U.S. individuals are at high risk for developing obstructive sleep apnea (OSA) (24). Certain demographic groups have seen increases in OSA by as much as 55% over the last 20 yr (45). Furthermore, OSA is associated with multiple cardiovascular diseases, including hypertension (12, 21, 37-39, 41, 42, 46, 47, 58, 62, 65). Patients with OSA have a sustained hypertension that fails to subside even during waking hours (38). Increased sympathetic nerve activity (SNA) that may lead to this sustained hypertension has been observed in OSA patients (6, 56, 57, 68) . The increase in SNA associated with OSA suggests that central nervous system (CNS) mechanisms may contribute to the cardiovascular sequelae associated with this disorder.
SLEEP APNEA is characterized by frequent interruptions in breathing that are specific to sleep and lead to hypoxemia, hypercapnia, increased thoracic pressure, arousal, and sleep fragmentation (12) . According to a recent poll from The National Sleep Foundation, 26% of U.S. individuals are at high risk for developing obstructive sleep apnea (OSA) (24) . Certain demographic groups have seen increases in OSA by as much as 55% over the last 20 yr (45) . Furthermore, OSA is associated with multiple cardiovascular diseases, including hypertension (12, 21, 37-39, 41, 42, 46, 47, 58, 62, 65) . Patients with OSA have a sustained hypertension that fails to subside even during waking hours (38) . Increased sympathetic nerve activity (SNA) that may lead to this sustained hypertension has been observed in OSA patients (6, 56, 57, 68) . The increase in SNA associated with OSA suggests that central nervous system (CNS) mechanisms may contribute to the cardiovascular sequelae associated with this disorder.
An experimental model of sleep apnea, chronic intermittent hypoxia (CIH), was first developed by Fletcher et al. (18, 19) and mimics the arterial hypoxemia seen in sleep apnea patients and results in an analogous increase in SNA and sustained hypertension (15, 16, 63) . Several CNS mechanisms have been proposed that contribute to CIH hypertension, such as chemoreceptor sensitization (12, 18) . The renin-angiotensin system (RAS) has been shown to contribute to CIH hypertension (11, 17, 20, 30) . In addition, several CNS regions that are not directly related to the chemoreceptor reflex have been investigated for their role in CIH hypertension (22, 28) . The paraventricular nucleus (PVN) of the hypothalamus has been shown to contribute to CIH hypertension (9, 11, 28, 54) . Several studies indicate that the lamina terminalis, which has been linked with several models of neurogenic hypertension and the RAS (5), may contribute to CIH hypertension (10, 52) . The lamina terminalis contains two circumventricular organs, the subfornical organ (SFO) and the organum vasculosum of the lamina terminalis (OVLT), located dorsally and ventrally along the anterior wall of the third ventricle. The median preoptic nucleus (MnPO) is situated between the two circumventricular organs and has a functional blood-brain-barrier. The MnPO projects to the PVN (2, 49) and may influence SNA and blood pressure (14, 49, 59 -61) . In CIH, the transcription factor FosB/⌬FosB is significantly increased in the MnPO, and inhibition of ⌬FosB in this region blocks the sustained component of CIH hypertension (10, 29) . These observations suggest that FosB/⌬FosB-mediated changes in gene expression play an essential role specifically in the sustained hypertension associated with CIH (10). Our working hypothesis is that changes in the expression of one or more of these FosB/⌬FosB target genes in the MnPO contribute to the sustained component of CIH hypertension (10) . One of the candidate genes identified in this study is angiotensin-converting enzyme 1 (ACE1).
Increased ACE1 expression within the MnPO may be a prohypertensive switch that gets chronically activated during CIH by FosB/⌬FosB promoting the inappropriate sustained blood pressure increase. ACE1 is a well-known component of RAS that converts ANG I to ANG II. The CNS has been shown to have a RAS that is separate from the systemic RAS (3, 66) . Furthermore, ANG II has been shown to affect SNA (1, 4, 13, 31, 33, 67) . We conducted experiments to test the hypothesis that PVN-projecting MnPO neurons are activated by CIH, leading to FosB/⌬FosB-dependent increases in ACE1 expression. To test this hypothesis, we used retrograde tract tracing in combination with immunohistochemistry to determine the colocalization of ACE1 and FosB/⌬FosB in MnPO neurons that project to the PVN. We used ChIP to test the association of FosB/⌬FosB with the ACE1 gene in MnPO following CIH treatment.
METHODS

Animals.
Adult male Sprague-Dawley rats (250 -300 g body wt; Charles River Laboratories, Wilmington, MA) were maintained on a 12:12-h light-dark cycle (lights on at 0600) and individually housed with ad libitum food and water. All animal procedures were conducted in accordance with current National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee at the University of North Texas Health Science Center.
Retrograde tract tracing. Rats were anesthetized with isoflurane (2-3%) and were placed in a stereotaxic frame after their scalps were shaved and cleaned with betadine and alcohol. Each rat received a unilateral PVN injection with a retrograde tracer, Fluorogold (Fluorochrome, Denver, CO). Each injection was made using a 30-gauge injector at a volume of 200 nl over a 5-min period at atlas-defined coordinates of Ϫ1.80 mm (anterior/posterior), Ϫ0.4 mm (medial/ lateral), and Ϫ7.6 mm (dorsal/ventral) (44) . After the injection, the holes made in their skulls were filled with sterile gel foam, and their scalps were closed with sterile absorbable suture. Rats were given at least 1 wk to recover before telemetry implantation.
Radio telemetry transmitter implantation. Rats were implanted with an abdominal aortic catheter attached to a CA11PA-C40 radiotelemetry transmitter using isoflurane anesthesia (2-3%), as described previously (29) . Each rat was allowed to recover for at least 1 wk after the telemetry surgery. A Dataquest radio-telemetry system (Data Sciences, St. Paul, MN) was used to record mean arterial blood pressure (MAP), respiratory rate (RR), and heart rate (HR). All physiological measurements were monitored by radio telemetry and sampled for 10 s every 10 min. Data are expressed as changes from baseline.
Chronic intermittent hypoxia treatment. Baseline radio-telemetry recording occurred for 5 days before the start of the CIH protocol. CIH exposure was applied for 8 h beginning at 0800 of the light phase using nitrogen to generate a 3-min hypoxia (10% O 2)/3-min normoxia (21% O 2) cycle, as described previously (29) . During the remaining 16 h (1600 -0800), the chambers were open to normoxic room air (21% O 2). Rats were exposed to CIH for 7 days. Controls were placed in identical chambers within the same room but were only exposed to room air (21% O 2). All animals were euthanized on the 8th day following the 7-day CIH protocol.
Immunohistochemistry. Rats used for the immunohistochemical studies were anesthetized with Inactin (100 mg/kg ip) and perfused with 0.1 M PBS (100 -200 ml) followed by 4% paraformaldehyde (400 -500 ml), as previously described (29) . Brains were then postfixed overnight and dehydrated in 30% sucrose. Each brain was cut into three sets of serial 40-m coronal sections using a crytostat (Leica Biosystems, Buffalo Grove, IL). The sections were stored in cryoprotectant at Ϫ20°C until the immunohistochemistry protocol. Sections were stained, as previously described (29, 30) , for FosB (1:1,000 goat polyclonal sc-48869; Santa Cruz Biotechnology, Dallas, TX), GFAP (1:1,500 mouse monoclonal G3893, Sigma-Aldrich, St. Louis, MO), or ACE1 (1:500 rabbit polyclonal sc-20791; Santa Cruz Biotechnology). The FosB antibody binds to both FosB and the more stable splice variant ⌬FosB, and thus, staining will be denoted as FosB/⌬FosB. Staining for FosB/⌬FosB was processed with a biotinylated secondary antibody and avidin-biotin conjugated with horseradish peroxidase and diaminobenzidine (DAB) staining. Tissue processed for FosB/⌬FosB DAB staining were incubated with a biotinylated horse anti-goat IgG (1:200; Vector Laboratories, Burlingame, CA), then treated with an avidin-peroxidase conjugate (Vectastain ABC kit; Vector Laboratories) following PBS containing 0.04% 3,3=-diaminobenzidine hydrochloride and 0.04% nickel ammonium sulfate for 11 min. Tissue sections were then mounted to gel-coated slides, allowed to dry for one day, and then dehydrated with serial ethanol solutions and xylene. Slides were then coverslipped with Permount mounting medium (ThermoScientific, Waltham, MA). Staining of ACE1 was visualized using a Cy3 anti-rabbit (1:200; Jackson ImmunoResearch, West Grove, PA), and GFAP staining was visualized using a Cy2 anti-mouse (1:200; Jackson ImmunoResearch). Tissue was then imaged using an Olympus (Olympus BX41) fluorescent microscope or an inverted microscope (Olympus BX50) equipped with a spinning disk confocal unit (Olympus IX 2-DSU) and epifluorescence. Images were collected using a Retiga-SRV camera (Q-imaging, Surrey, British Columbia, Canada). ImageJ was used to analyze and count labeled cells for each section.
Western blot analysis. The day after our 7-day CIH protocol, inactin (100 mg/kg ip)-anesthetized rats were decapitated, and each brain was placed dorsal surface down in a commercially available brain matrix (Stoelting) in order to cut the brain into 1-mm coronal slabs with razor blades. Punch samples were collected from the slabs using 1-ml syringes equipped with blunt 23-gauge needles. The punches were ejected into microcentrifuge tubes and frozen at Ϫ80°C until protein isolations and Western blot analysis were performed, as previously described (7, 51) . Two to three MnPO punches from each rat were dissolved in Laemmli buffer and run on a 12% acrylamide gradient SDS gel (Nupage Bris-Tris, Invitrogen, Carlsbad, CA) and transferred to a nitrocellulose membrane. Blots were washed, blocked, and then incubated with primary antibodies for ACE1 (1:100 rabbit polyclonal; SantaCruz Biotechnology) and GAPDH (1:2,000 mouse monoclonal; EMD Millipore, Millipore Sigma, St. Louis, MO) as a control. Blots were washed again then incubated with secondary antibodies, according to the primary host species. Proteins were detected by chemiluminescent reagents (Thermo Fisher Scientific), imaged using G-Box (Syngene, Fredrick, MD), and then analyzed for densitometry using ImageJ.
Chromatin immunoprecipitation analysis. Punch samples of the MnPO were collected as described above for Western blot analysis. Two MnPO punches (dorsal and ventral to the anterior commissure) from the same rat were taken from the slabs using 1-ml syringes with blunt 23-gauge needles. Punches containing the MnPO from two rats from the same treatment group were pooled and placed into the same microcentrifuge tube. All samples were kept frozen at Ϫ80°C until chromatin immunoprecipitation analysis (ChIP) assays were performed on the following day. Pooled punches from two rats, four punches total, were needed to obtain sufficient material to execute the ChIP assay. The LowCell# ChIP kit (kch-maglow-G16; Diagenode, Denville, NJ) was utilized according to the manufacturer's tissue protocol in order to analyze the association between FosB/⌬FosB and ACE1. Samples were sheared on ice using a model 150 Sonic Dismembrator (Fisher Scientific, Pittsburg, PA) and were subjected to four rounds of 10 s on 30 s off at 100% AMPS to achieve a base pair size between 100 and 1,000 base pairs. A ChIP grade FosB primary antibody [2 g, (102: sc-48) GX goat polyclonal IgG, Santa Cruz Biotechnology] was used to detect FosB/⌬FosB bound to DNA, while a normal goat IgG polyclonal antibody (2 g; Abcam, Cambridge, MA) was used as a negative control. FosB and goat IgG isolated DNA samples were then subjected to quantitative PCR (qPCR) using iQ SYBR green Supermix (Bio-Rad Laboratories, Hercules, CA) and ACE1 primers (forward 5=-CCCGGAAATACGAAGAATTGC-3= and reverse 5=-GGCTCTCCCCACCTTGTCTC-3=). Data were normalized to input background.
Statistical analysis. Data from immunohistochemistry studies were analyzed using one-way ANOVA or Kruskal-Wallis nonparametric tests. Data from the radio-telemetry experiments were analyzed using two-way repeated-measures ANOVA with Student-Newman-Keuls t-tests for post hoc analysis. Data from Western blot analyses and ChIP qPCR were analyzed using independent t-tests. All tests were performed using SigmaPlot (v. 12.0, Systat Software, San Diego, CA). Differences were considered statistically significant at P Ͻ 0.05. Data are reported as means Ϯ SE.
RESULTS
MAP, HR, and RR measurements following CIH.
Baseline MAP and RR measurements were not significantly different between the groups before CIH exposure, but baseline HR was significantly lower in the CIH group (Table 1) . On the first day of treatment, MAP was not significantly different between the normoxic-(CON ϭ 7) and hypoxia (CIH ϭ 14)-treated rats for either the dark phase or the light phase during intermittent hypoxia administration. However, changes in MAP of the CIH treatment group significantly increased from day 2 to day 7, as compared with the CON controls in both the light phase [Fig. 1A , Treatment ϫ Day F(6,114) These results are comparable to our previous studies (29) . There were no significant differences in the changes in HR, CON, and CIH treatment groups in the light phase [ Fig. 1C Fig. 1D , Treatment ϫ Day F(1,19) 
Data are expressed as means Ϯ SE. Averages were calculated for 0800 -1600 when the intermittent hypoxia exposures occurred during the chronic intermittent hypoxia (CIH) protocol or for 1800 -0600, which was the dark phase. MAP, mean arterial pressure; HR, heart rate; RR, respiratory rates; CON, control. *P Ͻ 0.05.
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ΔHR ( Norm (7) CIH (14) Norm (7) CIH (14) Norm (7) CIH ( , and respiratory rate (RR; E and F) in normoxic controls (Norm; , n ϭ 7) and rats exposed to CIH for 7 days (CIH, OE, n ϭ 14 (36) . ACE1 staining was not colocalized with GFAP in the MnPO of rats from either the normoxic control or the CIH treatment group (Fig. 2) . These results suggest that in the MnPO, ACE1 is not expressed by GFAP-positive astrocytes (Fig. 2) .
Effect of CIH on ACE1/FosB projecting to the PVN. 
Association of FosB with ACE1.
Western blot analysis demonstrated that ACE1 protein abundance in MnPO significantly increased following CIH (n ϭ 9) as compared with normoxic controls (n ϭ 6) when normalized to GAPDH [t (13) ϭ Ϫ2.551, P Ͻ 0.05, Fig. 5A ]. Studies utilizing ChIP analyses were used so that we could examine the possible interaction of FosB/⌬FosB with ACE1 since the gene for ACE1 contains an AP-1 regulatory site. MnPO samples were pooled from two rats of identical treatment, either normoxic or CIH, to get sufficient material to perform ChIP. Samples were also sonicated and sheared to obtain an optimal size of base pairs between 100 and 1,000 base pairs. qPCR was used to examine the expression of ACE1 of FosB/⌬FosB precipitated DNA following CIH or normoxia along with input genomic controls and relevant IgG-negative controls. Data were normalized to input background. ACE1 association with FosB/ ⌬FosB was significantly increased in the MnPO following CIH as compared with the normoxic controls [t (6) ϭ Ϫ2.516, P Ͻ 0.05; Fig. 5B ].
DISCUSSION
Many neuronal adaptations have been implicated in the hypertension observed in animal models of CIH (12, 55) . The current study tested whether ACE1 could be a FosB/⌬FosB-regulated gene in the MnPO that contributes to CIH hypertension. ⌬FosB has been shown to participate in long-term neural adaptations seen in many behaviors, including drug addiction (34) . As part of the AP-1 transcription factor family, FosB/ ⌬FosB has been linked to sustained changes in gene expression due to its long half-life and accumulation with intermittent or repeated stimulation (8, 25, 34, 40) . In CIH, FosB/⌬FosB significantly increases in many autonomic regions, including the MnPO (10, 29) . Our previous work suggests that changes in gene expression that are mediated by FosB/⌬FosB in the MnPO play an essential role in the sustained component of CIH hypertension that occurs during normoxia (10) . The present study focused on one of these potential FosB/⌬FosB gene targets in MnPO to better characterize its possible role in CIH hypertension. Additionally, retrograde tract tracing was also used to explore how FosB/⌬FosB activated neurons within the MnPO may influence the PVN. The main finding of this study is that CIH is associated with increased FosB/⌬FosB staining in ACE1-positive MnPO cells that project to the PVN. Furthermore, CIH significantly increases FosB/⌬FosB association with ACE1 in the MnPO, suggesting that increases in ACE1 gene expression associated with CIH are due to the direct interaction of FosB/⌬FosB with ACE1. These findings are consistent with the hypothesis that FosB/⌬FosB regulation of ACE1 within the MnPO contributes to CIH hypertension possibly via the PVN, which may be a pathway for increasing SNA and, thus, sustained elevations of MAP. Additional experiments will be required to test the functional significance of MnPO ACE1 in CIH hypertension.
Immunostaining for ACE1 was evident within the MnPO and did not overlap with GFAP. That ACE1 expression failed to colabel with GFAP suggests ACE1 is not localized in astrocytes and may be expressed by neurons in the MnPO. Also, ACE1 protein abundance significantly increased within the MnPO following 7 days of CIH treatment as compared with normoxic controls. These results are consistent with our earlier report that ACE1 gene expression was upregulated in the MnPO following CIH and that this effect was blocked by virally mediated dominant negative inhibition of ⌬FosB in the MnPO (10) . We have previously shown that CIH-induced FosB/⌬FosB staining in the MnPO is dependent on angiotensin 1a receptors in the SFO (52) . Together, these results indicate that activation of the peripheral RAS by CIH and the subsequent stimulation of the SFO leads to activation of the MnPO and FosB/⌬FosB-mediated upregulation of specific components of the brain RAS. This leads to the speculation that the peripheral RAS and brain RAS work together in concert to maintain CIH hypertension during normoxia. Further studies will be needed to fully understand the role of ACE1 within the MnPO and its involvement in the hypertension seen in CIH.
Furthermore, the MnPO has been implicated in various neural networks that regulate cardiovascular control and fluid and electrolyte balance (26, 35, 49, 64) . Activation of the MnPO has been shown to result in sympathoexcitation and increased blood pressure (32, 60) . The MnPO projects directly to the PVN (2, 49), more specifically the parvocellular division of the PVN that, in turn, projects to the nucleus of the solitary tract, the rostral ventrolateral medulla, and sympathetic preganglionic neurons in the intermediolateral column of the spinal cord (23, 27, 43, 50, 53) . The MnPO to PVN projection may very well regulate increases in SNA and MAP during CIH stimulation. Cells positive for FosB/⌬FosB significantly increased within the MnPO following CIH, as compared with the normoxic controls, which agree with our previous experiments (29) . The increase in FosB/⌬FosB is consistent with the hypothesis that the MnPO is activated during CIH. ACE1 and FosB/⌬FosB immunohistochemistry colocalization also significantly increased within the MnPO following CIH. This suggests that increases in FosB/⌬FosB could increase ACE1, resulting in changes in angiotensin metabolism, which could change the strength of angiotensinergic synapses. ANG II has been shown to activate MnPO neurons that project to the PVN (60) and, therefore, increased FosB/⌬FosB activation of MnPO neurons containing ACE1 may project to the PVN following CIH. The results of our retrograde tract tracing study from the PVN support this hypothesis.
As mentioned before, dominant-negative inhibition of ⌬FosB in the MnPO blocked the increase in mRNA expression of ACE1 in CIH-treated rats (10) . Also, the increase in colocalization of FosB/⌬FosB and ACE1 within the MnPO after CIH suggest a possible relationship between the two. To test for a possible interaction between FosB/⌬FosB and the ACE1 gene, ChIP experiments were conducted to test for increases in the association between ACE1 and FosB/⌬FosB in the MnPO following CIH. Our results indicate that there was a significant increase in association between FosB/⌬FosB to the ACE1 gene region in the MnPO after 7 days of CIH. The increase in association suggests that an increase in FosB/⌬FosB activation of the MnPO targets the RAS, specifically ACE1, and that interaction may upregulate ACE1 message. The upregulation of ACE1 within the MnPO then may go on to influence downstream regions, such as the PVN, and ultimately MAP. ACE1 was not the only gene affected by dominant-negative inhibition of ⌬FosB within the MnPO, and other genes may contribute to CIH hypertension in the MnPO along with ACE1. The other genes identified in this study included map3K3, ace2, nos1, and nos3 (10) . Overall, downstream regulation of ACE1 by FosB/⌬FosB within the MnPO may play an important role following CIH stimulation. However, functional studies will be required to determine the importance of MnPO ACE1 to CIH hypertension.
Perspectives and Significance
OSA is associated with a sustained hypertension even in the absence of a hypoxia, leading to increased risk for multiple cardiovascular diseases (38) . The increase in prevalence and cardiovascular health risks accompanying OSA makes it important to understand the underlying mechanisms of its associated hypertension. Previous studies have suggested the importance of the CNS, as well as the brain RAS, which promotes various forms of hypertension, and the sustained hypertension seen in CIH may be no different (55, 66) . This study suggests that FosB may utilize an AP-1 target gene, ACE1, in order to influence the PVN downstream of the MnPO in CIH. Investigating the role of ACE1 within the MnPO may provide a better Western blot analysis of ACE1 abundance in the MnPO of punch samples collected from normoxic controls (CON; n ϭ 6) and rats exposed to 7 days of chronic intermittent hypoxia (CIH, n ϭ 7) treatment. Densitometric analysis of ACE1 immunoreactivity was normalized to GAPDH. Data are expressed as means Ϯ SE; *P Ͻ 0.05. B: results of the chromatin immunoprecipitation (ChIP) analysis of the association of FosB with ACE1 in punch samples containing the MnPO. Each sample used for the analysis represented MnPO sample pooled from two individuals from the same treatment group (CIH, n ϭ 3 samples from 6 rats; CON, n ϭ 5 samples from 10 rats). CIH significantly increased the association of FosB with ACE1 in the MnPO compared with normoxic controls. *P Ͻ 0.05.
understanding of the pathogenesis of CIH hypertension, which could improve our ability to treat OSA hypertension.
